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ABSTRACT: We studied the photocatalytic reaction of methanol on the TiO2(110)
surface in situ by surface sum frequency generation vibrational spectroscopy. The in situ
vibrational spectra of the photo-oxidation product, formaldehyde and methyl formate, on
TiO2(110) was unambiguously assigned and identified. The temperature-dependent
photocatalytic reaction efficiency was observed and suggested that the thermal diffusion
might be important for the photocatalytic reaction. Scanning tunneling microscopy
combined with ultraviolet light was used to investigate the photocatalytic reaction
efficiency on the hydroxylated TiO2(110) surface, which shows that the neighboring
hydroxyl group on the bridge-bonded oxygen site dramatically inhibits the photo-
oxidation of methanol because of the repulsion between hydroxyl groups. Our results
provide direct vibrational spectral evidence of photo-oxidation products of methanol on
TiO2(110), show the importance of thermal processes in surface photocatalytic reactions,
and deepen our understanding on photochemistry on this surface.

1. INTRODUCTION

Titanium dioxide, TiO2, has attracted great interest because of
its promising application in photocatalytic splitting of water,
photodegradation of environmental pollutants, surface super-
wetting, and so on.1−7 Methanol, as a simplest alcohol, is often
used in benchmark studies of the photocatalytic mechanism on
TiO2 for explanation of oxide surface properties.8−15 In
addition, methanol, as a hole scavenger, can dramatically
enhance the photocatalytic activity to split water to hydro-
gen.16−20 In the last decade, numerous studies have been
carried out on the prototypical model of the photocatalytic
reaction of methanol on the rutile TiO2(110) surface.14,21−26

However, the mechanism of photocatalytic processes on TiO2

has not been satisfied to date, especially in the atomic and
molecular level.
It is well known that in thermal chemistry, the most active

site on TiO2(110) is the bridge-bonded oxygen (Ob) vacancy
site. Alcohol molecules adsorb on the Ob vacancy site and
spontaneously dissociate to form the alkoxyl and the hydroxyl
(OHb) groups.

3,5,11 The recombination of OHb to form water
can happen at about 450 K,8 which competes with the
formation of molecular hydrogen.27 The most abundant
photocatalytic reactions occur on the five-coordinated Ti site
(Ti5c).

6,21,22 The mixed adsorption structure of molecular and

dissociated methanol on Ti5c sites was provided recently by
surface sum frequency generation vibrational spectroscopy
(SFG-VS), and it was also found that the percentage of the
dissociated methanol in the first layer decreases as the coverage
increases to more than one layer.28 The stepwise photo-
oxidation of methanol to formaldehyde and further to methyl
formate on TiO2(110) was observed.

24−26

Temperature-programmed desorption (TPD) is the most
commonly used method and a powerful tool to study the
mechanism of CH3OH/TiO2(110) photocatalytic reaction,
especially together with ultraviolet (UV) light sources and
intense UV lasers, as reported in the last decade.21−27,29

However, TPD probes the species desorbing from the surface,
which sometimes could be from the reaction during the
heating process of the substrate. X-ray photoelectron spec-
troscopy has also been used to identify the photocatalytic
product of methanol on TiO2(110).

25 To determine the
chemical nature of surfaces and adsorbates, the surface
vibrational spectroscopy has gained wide recognition for its
ability,30 such as reflection−absorption infrared spectroscopy.
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However, it is difficult to obtain the vibrational spectra on
oxides because of the absence of an image dipole and strongly
reduced reflectivity.31

In this study, we used surface SFG-VS to obtain the
vibrational spectra in the C−H stretching range of photo-
catalytic products of methanol on TiO2(110). The SFG spectra
clearly shows the vibrational features from formaldehyde and
methyl formate on TiO2(110). We also compared the
photocatalytic reaction efficiencies at substrate temperature
of 120 and 180 K. Our results suggested that thermal processes
of methanol and photocatalytic reaction products or the
repulsion from OHb could limit the reaction rate. To elucidate
the effect from OHb, scanning tunneling microscopy (STM)
combined with UV light was employed to investigate the
photodissociation of methanol on the hydroxylated TiO2(110)
surface.

2. EXPERIMENTAL DETAILS
All SFG measurements were conducted in a compact high
pressure/ultrahigh vacuum (UHV) chamber, which is
described in detail elsewhere.32 Commercial rutile TiO2(110)
single crystal (Princeton Scientific) was at 45° with the crystal
orientation [001] relative to the plane of light incidence.
Sample preparation was done by cycles of 500 eV Ar+ ion
sputtering and vacuum annealing at 850 K. Methanol (99.95%
purity) was further purified by several freeze−pump−thaw
cycles before the experiment. Almost one layer coverage of
methanol was prepared by overdosing methanol at 120 K and
subsequent flashing of the substrate at 216 K.8

The optical system of SFG-VS has been described
elsewhere.28 The regenerative amplifier (Spitfire Ace, Spec-
tra-Physics) generated 35 fs pulses with 5 mJ per pulse at a 1
kHz repetition rate at the central wavelength of 800 nm. About
3 mJ was used to pump an optical parametric amplifier
(TOPAS-C, Light Conversion) and a noncollinear difference
frequency generator (NDFG1, Light Conversion), which
delivered a tunable IR (2.6−9 μm) in a silver gallium disulfide
(AgGaS2) crystal. The central wavelength used in this work
was about 3.4 μm with an apparent spectral bandwidth of
about 300 cm−1 full-width at half-maximum (fwhm). 20 mW of
IR measured before the CaF2 window on the UHV chamber
was used in our measurements. About 1 mJ of 800 nm pulses
was spectrally narrowed as the visible light (VIS) by using a
pulse shaper (1800 l/mm pulse compression grating,
Spectrogon; cylindrical lens with 200 mm focal length),
normally 4.5 cm−1 fwhm and 7.5 mW. The residual 1 mJ was
used to generate second harmonic UV light at 400 nm. UV
light (4 mW) was soft-focused to about 1.5 mm diameter on
TiO2(110). The IR and VIS pulses were temporally and
spatially overlapped on the surface, and the reflected
broadband SFG signal was dispersed by a monochromator
and then detected by an electron-multiplying charge-coupled
device (Princeton Instrument). The incidence angles of SFG,
VIS, and IR were 47.9°, 45°, and 57°, respectively. Both
polarizations of the VIS and IR were controlled by true zero-
order half-wave plates, and the SFG signal polarization was
selected and controlled by the combination of an achromatic
half-wave plate and a Glan polarizer. The measured SFG
spectra were normalized to the SFG signal of ppp (referring to
p-polarized SF output, p-polarized visible input, and p-
polarized IR input, respectively) polarization combination on
the bare TiO2(110) surface obtained by flashing the sample to
700 K in UHV.

STM experiments were performed in an UHV chamber
equipped with a low-temperature STM (Omicron, MATRIX).
The vacuum system was baked out for more than 100 h to
reduce the residual water to get a base pressure better than 3.5
× 10−11 mbar. The TiO2(110) sample (Princeton, 5 mm × 10
mm × 2 mm) was prepared by multiple cycles of sputtering in
1000 eV Ar+ ions for 10 min and annealing at ∼900 K for 30
min. During annealing, the sample was mounted on a standard
Omicron sample Ta plate holder and heated with a pyrolytic
boron nitride heater located behind the sample plate. After this
procedure, the concentration of oxygen vacancy was about
10%. The sample was cooled down to 80 K on the stage of the
STM scanner which is mounted under a liquid nitrogen dewar.
An electrochemically etched tungsten tip was used and all the
images were obtained using the constant current mode with a
tunneling voltage of 1.25 V and a tunneling current of 100 pA.
All the STM images were processed using SPIP software
(Image Metrology). As reactants, water and methanol (Sigma-
Aldrich) were purified by several freeze−thaw−freeze cycles to
remove existing impurities using liquid nitrogen. The
molecules were dosed in situ onto the TiO2(110) surface
through a retractable and calibrated doser with a pinhole, and
the distance between the sample and pinhole was about 4 cm.
This method can minimize contamination of the UHV system.
During dosing and laser irradiation, the tip was retracted about
20 μm from the sample to avoid the shadowing effect. The
third-harmonic (355 nm) output of a 1064 nm Q-switched
HIPPO laser (Spectra-Physics) was used in our experiments,
which had a duration of about 12 ns and a high repetition of 50
kHz. The TiO2(110) sample was illuminated by the laser with
an incident angle about 27° through a viewport on the
chamber. The beam diameter of laser was ∼5 mm and laser
power from 20 to 200 mW was used. After laser irradiation, the
increase of sample’s temperature was less than 2 K.

3. RESULTS AND DISCUSSION
3.1. Temperature-Dependent Photocatalytic Reactiv-

ity of Methanol on TiO2(110) by SFG Studies. Figure 1
shows the SFG vibrational spectra of methanol with one
monolayer coverage on the TiO2(110) surface before and after
different 400 nm UV irradiation durations. All the SFG spectra
were taken at the substrate temperature of 120 K, and the
substrate was kept at 120 K when it was irradiated by UV light.
The spectra show complicated features, including symmetric
stretching, νs, Fermi resonance, and antisymmetric stretching
from both dissociative adsorbed methanol (methoxy, CH3O−
Ti5c) and molecular adsorbed methanol (CH3OH−Ti5c) at
Ti5c sites. Recently, we have successfully assigned these spectra
in this C−H stretching region by means of SFG polarization-
dependent, methanol coverage-dependent, and UV irradiation
treatments.33 The features at 2806 and 2841 cm−1 are assigned
to CH3 symmetric stretching modes from methoxy and
molecular-adsorbed methanol at Ti5c, respectively. The Fermi
resonances and CH3 antisymmetric stretching of these two
species are highly overlapped in the range from 2887 to 3000
cm−1. The ssp (referring to s-polarized SF output, s-polarized
visible input, and p-polarized IR input, respectively) SFG
spectra in Figure 1a show that the methoxy peak (indicated by
the blue dashed line) decreases with the UV irradiation time,
whereas the peak for methanol (indicated by red dashed line)
seems the same but broader. Even after further 5 min of UV
irradiation, methoxy only decrease a little. It seems the reaction
almost stops. The ppp SFG spectra in Figure 1b show the
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similar trend as the ssp SFG spectra. However, the ppp SFG
spectra after UV irradiation show an additional weak feature at
about 2770 cm−1 (indicated by black dashed line). The ppp
spectra also show the intensity has a small increment, and the
peak width is broader at about 2840 cm−1, which is the
resonant frequency νs of the methyl group from Ti5c−CH3OH
before UV irradiation. Another feature after UV irradiation is
that the nonresonance increases with the irradiation time for
both ssp and ppp spectra.
Figure 2 shows the SFG vibrational spectra before and after

UV irradiation, which are similar as in Figure 1, except that the
substrate was kept at 180 K when it was irradiated by UV light.
The temperature of 180 K is just about 20 K below the
temperature where the first-layer methanol starts desorbing.8

In Figure 2a, after only 10 s of UV light irradiation, the νs
feature of methoxy dramatically drops in the ssp spectra, while
the intensity of the νs feature of methanol turns broader. In
Figure 2b, the ppp spectra show much difference after UV
irradiation. The νs feature of methoxy decreases with the UV
irradiation time, while the peak at about 2840 cm−1, assigned
to the νs of methanol previously, turns broader, and the
intensity increases obviously. However, adsorbed methanol
should not increase after UV irradiation. There must be some
resonance from some new product with similar frequency
occasionally. In addition, after only 2 s of UV light irradiation,
the ppp spectra show an obviously new feature at around 2770
cm−1. After further 10 s of UV irradiation, this feature
continues increasing, the feature at about 2840 cm−1 also turns
larger notably and another feature at about 3040 cm−1 arises.

Longer UV irradiation, both features at 2770 and 2840 cm−1

decrease and the feature at 3040 cm−1 becomes larger. The
nonresonance in the ppp spectra shows an increase first and
then decreases with the UV irradiation time, while that in the
ssp spectra always increases. The increase of the nonresonance
might be from the increasing excess electron density induced
by surface hydroxyl groups from photocatalytic reactions.34

However, the different trends of polarization-dependent
nonresonance is unclear, which is worth further investigation
because of the importance of excess electrons on the surface
reactions.35

The methanol can be photo-oxidized to formaldehyde and
methyl formate stepwise, which has been thoroughly
studied.23−26,36 Based on the spectral assignment of form-
aldehyde in the gas phase,37,38 in the condensed phase,39 and
in the adsorbed layer on metals40 and oxides,41 we attribute
2770 and 2840 cm−1 to the symmetric (νs(CH2)) and
antisymmetric (νas(CH2)) stretching modes, of CH2 from
formaldehyde, respectively, where the frequency of νas(CH2) is
coincident with that of νs(CH3) of methanol on Ti5c. They are
only a little redshift compared with the vibration frequency in
the gas phase. This implies that the relating electronic structure
of formaldehyde is only weakly perturbed, which is consistent
with the theoretical simulation about the 2π* state.42 Based on
the infrared spectroscopic studies of methyl formate in the gas
phase43 and on oxides,44−46 we assign the feature at 3040 cm−1

to the antisymmetric stretching mode of CH3 of methyl
formate. This also agrees with the conclusion that the ppp

Figure 1. SFG vibrational spectra with ssp (a) and ppp (b)
polarization combinations of methanol with one-layer coverage on
the TiO2(110) surface before and after variant UV irradiation times at
400 nm. The substrate was kept at 120 K when the substrate was
irradiated by UV and the SFG spectra were taken. Vertical dashed
lines indicate the resonant frequencies of methoxy (blue), methanol
(red), and formaldehyde (black) on Ti5c sites.

Figure 2. SFG vibrational spectra with ssp (a) and ppp (b)
polarization combinations of methanol with one-layer coverage on
the TiO2(110) surface before and after variant UV irradiation times at
400 nm. The substrate was kept at 180 K the substrate was irradiated
by UV. The SFG spectra were taken by cooling down the substrate to
120 K. Vertical dashed lines indicate the resonant frequencies of
methoxy (blue), methanol (red), formaldehyde (black), and methyl
formate (olive) on Ti5c sites.
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intensity is always many times that for ssp.47 Concerning the
methyl formate, there should be other two resonant peaks in
the range of 2940 to 2970 cm−1, which are the symmetric
stretching of CH and CH3. However, because of the
complicated spectral overlapping, it is almost impossible to
get the reasonable fitting of these spectra. Hence, we cannot
get these resonant frequencies. Table 1 summarizes the
spectral assignments of the methanol and the photocatalytic
reaction products, formaldehyde and methyl formate, on
TiO2(110) in the C−H stretching range.

By comparing the depletion in the ssp spectra under UV
irradiation between Figures 1a and 2a, we can find that the
photocatalytic reaction for the substrate at 180 K is much more
efficient than that for the substrate at 120 K. This temperature
dependence of the photocatalytic reaction rate has also been
observed before with the low-coverage methanol on
TiO2(110).

24,48 Further, only a little formaldehyde and no
methyl formate was produced even after further longer UV
irradiation when the substrate was at 120 K. However, when
the substrate was at 180 K, we observed not only the
production of more formaldehyde but also its depletion and
the production of methyl formate. This is consistent with the
former reports.24,25 The only difference between two measure-
ments is the temperature of the substrate when UV shining.
The temperature of 180 K is almost the onset of methanol
diffusion along the surface Ti5c row from the TPD and STM
results.8,22

Each step of methanol photooxidation to methoxy, form-
aldehyde, and further to methyl formate produces the H atom
on the Ob site to form OHb. There is strong repulsion between
these OHb species.49,50 This repulsion inhibits the new
generation of the closed OHb, which suggests dissociation,
and further photo-oxidation of methanol is prevented. As a
result, the reaction could be slower and could even stop when
the OHb density is high. However, when the substrate was
warmed up and allowed the diffusion of methanol, the newly
generated H atom could move apart from the existing OHb.
The OHb can hop between the different rows of the bridge-
bonded O row assisted by the mobile methanol on Ti5c sites,

11

which can also increase the distance between OHb’s and
reduce their repulsion. The much diffusive formaldehyde may
separate from the OHb, and close to the methoxy, which can
also favor the production of methyl formate.48,51

3.2. Methanol Dissociation on Hydroxylated
TiO2(110) Studied by STM. To further determine the effect
from the hydroxyl group on the photocatalytic reaction of
methanol on TiO2(110), we carried out the STM studies on
methanol dissociation on the hydroxylated surface. Figure 3a−
d shows a series of STM images of a single methanol molecule
coadsorbed with neighboring OHb on the TiO2(110) surface.
The partially hydroxylated TiO2(110) surface was prepared by
dosing water on the surface to generate OHb and then flashing
to 400 K to desorb molecular water.52 STM images are
dominated by electronic effects rather than the geometric
structure on the TiO2(110) surface.53 In Figure 3a−d, the
bright rows correspond to low-lying Ti5c atoms, while the dark
rows represent topographically high Ob atoms. The faint bright
protrusions on the Ob row are oxygen vacancies and the
brighter spots on the Ob row are OHb (marked by dashed
circles in Figure 3). Figure 3b1 shows the same area after
dosing methanol molecules, and the bright round spot on the
Ti5c row can be clearly assigned as a methanol molecule next to
OHb.
After 45 mW laser irradiation for 10 min, Figure 3c1 shows

dramatic changes. The bright round spot was changed into a
big triangle feature, which looks like consisting of three parts,
one big bright spot on the Ti5c row with two faint bright spots
on two neighboring Ob row. This feature is very similar to that
of single methanol’s photodissociation under 355 nm
irradiation without OHb nearby, which is attributed to the
formaldehyde molecule on the Ti5c site one step away from the
original methanol adsorption site and two OHb’s.

42 With
further laser irradiation of 85 mW for 10 min as shown in
Figure 3d1, the middle bright spot disappeared, while two
spots on different Ob rows remained on the surface. It is
noticed that the two spots have different sizes, and the big spot
is brighter. After applying a 2 V pulse on the top of the big
bright spot (marked by green arrow in Figure 3d1), it was
changed into a small spot which resembles the OHb in Figure
3a1 (see Figure 3e1). Because the H atom of OHb can be easily
removed by voltage above 2 V,42,54,55 the two bright features in
Figure 3c1 are attributed to an OHb pair

56 on the left and a
single OHb on the right. Hence, the triangle feature in Figure
3c1 consists of a formaldehyde molecule in the middle and
three OHb groups on both Ob rows. In addition, the site where
the formaldehyde sits is one Ti5c atom away from the original
Ti5c site the methanol adsorbs. This phenomenon is quite
different from that of a single methanol on TiO2(110), that is,
both OHb groups from the photodissociation of a single
methanol sit on neighboring Ob sites.42 Meanwhile, we also
observed another condition, as indicated in Figure 3a2−e2.
The difference is that the two H atoms from methanol
dissociation are on the same Ob row. From the comparison
between Figure 3a2,b2, the marked position of OHb changes
by one lattice distance, which could be attributed to the OHb
diffusion mediated by the adsorbed methanol.11 Hence, it is
also possible that OHb diffuses to the opposite Ob row under
UV light irradiation in Figure 3c2,d2.
The dissociation of methanol with neighboring OHb was

observed by STM, while the dissociation possibility is largely
different from that on the surface without neighboring OHb.
To further study the OHb effect on methanol dissociation,
qualitative analysis was carried out. During our experiments,
after multitime laser irradiation, only 20% (3/15) of the
methanol molecules with neighboring OHb were dissociated,
while the dissociation rate without neighboring OHb is about

Table 1. Assignments of Vibrational Frequencies (cm−1) of
Methanol and the Photocatalytic Reaction Products,
Formaldehyde and Methyl Formate, on TiO2(110) in the
C−H Stretching Range

CH3OH

assignment33 CH3O−Ti5c CH3OH−Ti5c
νs(CH3) 2806 2841

CH2O

assignment TiO2(110) gas37,38 solid39 Ag(110)40 SiO2
41 Al2O3

41

νs(CH2) 2770 2782 2831 2850 2830 2818
νas(CH2) ∼2840 2843 2886 2894 2885

CH3COOH

assignment TiO2(110) gas43 powdered TiO2
46 SiO2

44

νs(CH) 2943 2952
νs(CH3) 2969 2960 2964
νas(CH3) 3040 3045 3040 3044
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53% (28/53) under the same irradiation condition (the same
irradiation power and total duration). Moreover, with the
lower UV excitation flux, the difference is larger. After the first-
time irradiation of about 20 mW for 10 min, no methanol
dissociation was observed with neighboring OHb, while 35%
(19/53) of the methanol molecules without neighboring OHb
were dissociated. It was found that the coexistence of the
methoxy on Ti5c and OHb significantly decreases the yield of
formaldehyde because of the reverse reaction from methoxy on
Ti5c and OHb to CH3OH.

48,57 The additional neighboring
OHb must increase the reverse reaction possibility and lower
the photodissociation of methanol.
From the principle of photocatalytic reactions on TiO2,

which is generally accepted,1 the competition with charge
transfer to adsorbed species is mainly the recombination of the
electron and hole. Recombination can occur in bulk or on the
surface with the release of heat or phonon excitation, which
was considered as a detriment to the efficiency of the
photocatalyst. However, the conclusion from our experiment
results above shows that the thermal motion can enhance the
photocatalytic reaction. Intensive UV light, like ultrashort
pulsed light, might excite multiple electron and hole pairs in a
short time. The massive electron and hole recombination could
rapidly generate high excitation of local phonons,29 which in
turn raises the motion and diffusion of adsorbates in tens
picosecond scale.58 Thus, it can increase the photocatalytic
reaction. Hence, the recombination of the electron and hole

might not have a complete negative effect in photocatalytic
reaction processes. From the comparison of results with the
high-power and the lower-power UV irradiation in STM
experiments above and the high-intensive UV light23 and low-
intensive continuous wave light21 in the literature, the high-
intensive UV light could dramatically enhance the quantum
yield of photocatalytic reactions. High-energy charge carriers
can be generated by photons, which are larger than the band
gap. These charge carriers in TiO2 rapidly thermalize to their
respective band edges because of carrier−carrier and carrier−
phonon scatterings, and local phonons can be excited in the
meantime. These excited phonons, or the local heat, can
promote the movement and mobility of the adsorbate and then
increase the photocatalytic reaction. This could be another
possible mechanism to explain the strong photon energy
dependence of the photocatalytic dissociation rate of methanol
on TiO2(110), which has been observed.29

4. CONCLUSIONS

In summary, we used surface SFG-VS in the C−H stretching
range to in situ identify the photocatalytic products, form-
aldehyde and methyl formate, of methanol on TiO2(110). This
provides the vibrational assignment information for future
possible time-resolved experiments on the photocatalytic
reaction dynamics. We also observed the temperature
dependence of photocatalytic reaction and proposed that the
diffusion of adsorbates limits the further photocatalytic

Figure 3. STM images of the photochemical process of methanol molecules with an OHb on the neighbored BBO site under multiple 355 nm
irradiation periods (2.3 nm × 2.3 nm, 1.25 V 100 pA). (a1,a2) Patically hydroxylated TiO2(110) surface. (b1,b2) Same surface with methanol
adsorption which appears as a bright round spot. (c1,c2) In situ images after 45 mW laser irradiation for 15 min. (d1,d2) After another 85 mW laser
irradiation for 10 min, an OHb pair and a single OHb remained on the surface. (e1,e2) Removal of one H of the OHb pair by adding 2 V 10 ms
pulse on the surface. The dashed rectangles mark the reaction region, and the green arrows and dashed circles represent the positions of adding
pulse and OHbs next to the reactive methanols, respectively. (f) Statistical results of methanol dissociation percentages with and without
neighboring OHb under high-power UV for multi-irradiation (see the main text) and 20 mW for 10 min.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b02244
J. Phys. Chem. C 2019, 123, 9993−9999

9997

http://dx.doi.org/10.1021/acs.jpcc.9b02244


reaction because of the repulsion from OHb. Further evidence
of the inhibition of photocatalytic reactions from OHb was
provided by STM experiments combined with UV light on the
photodissociation of methanol on the hydroxylated TiO2(110)
surface. This work provides detailed insights into the photo-
oxidation of methanol on TiO2(110) and help better
understand the photochemistry of organic molecules on oxides
at the molecular level.
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